Graphene epoxide, with oxygen atoms lining up on pristine graphene sheets, is investigated theoretically in this Letter. Two distinct phases: metastable clamped and unzipped structures are unveiled in consistence with experiments. In the stable (unzipped) phase, epoxy group breaks underneath sp 2 bond and modifies the mechanical and electronic properties of graphene remarkably.
Introduction
Recently developed techniques to isolate single graphene layer 1 provides the possibility to investigate this extremely mono-layer materials. With a hexagonal graphitic lattice, this material holds outstanding properties such as massless Dirac fermions 2 , abnormal quantum Hall effects 3 , and extremely high stiffness and structural stability 4 . Besides of the intrinsic properties of graphene, fresh physics has also been revealed in graphene-related nano-structures, such as finite width graphene nano-ribbons with half metalicity 5 and patternable transport properties 6, 7 have been reported. One of the most convenient processes to obtain graphene materials is chemical exfoliation [8] [9] [10] , where graphite crystals were first exfoliated through oxidation, then reduced into graphene monolayers. This method has the advantage of massive production and possibility of deposition from solution 9, 11 in comparison with other approaches like mechanical cleavage 1 , epitaxial growth 12 and organic synthesis 13 . However, the products of current technique contain considerable amount of the intermediate product -graphene oxides, with a large number of epoxy and hydroxyl groups 14 . The incomplete reduction leaves wrinkles and folds in the graphene sheet products and is detrimental to their electronic properties 15 .
Interests have also arisen for functional graphene materials such as graphene oxides [16] [17] [18] [19] [20] . Although have been studied for decades, there are very limited knowledge on the atomic structure and the physical properties of the graphene oxides. Different atomic models have been proposed with various functional groups 17 . The most notable structure proposed is the Lerf-Klinowski model on the basis of NMR spectroscopy data 20 , which contains epoxy and hydroxyl groups on the graphene sheets or at their edges. Fault lines in graphene have been observed experimentally as a result of oxidation 18 . It was explained as adsorbed epoxy groups that tend to lined up cooperatively. Recent ultra-high vacuum scanning probe microscopy study revealed locally periodic structures. The atomic structure of lattice was identified to be oxygen atoms bound to the graphene sheet 19 . These oxidized monolayer sheets are structurally close to graphene and are expected to have similarly properties. One can thus expect 3 appealing functional graphene structures in a controllable manner through chemical oxidation and reduction 17, 21 . These features provide graphene epoxide materials great potential for applications. For this purpose, a good understanding on their structural and electronic properties are desired. In this work, we will discuss their energetic, structural and electronic properties, based on first principles calculations.
Although experimental observation 22 concluded that graphite oxides are globally disordered nonstoichiometric phases containing both epoxide and hydroxyl groups, we hope the structural-properties relations presented here for regularly patterned structures can shed some light on possible applications of this unique material.
In the Lerf-Klinowski model of graphene epoxide 20 , oxygen atoms are covalently bonded to two neighboring carbon atoms in graphene, forming an epoxy ring group. Optical image studies and energetic analysis show these epoxy groups like to form fault lines cooperatively, to lower their formation energy 18 . The adsorption of epoxy group was found to be able to break the sp 2 carbon bonds underneath and the process was discussed as oxygen-driven "unzipping" of graphitic materials 18, 23 .
One the other hand, recent scanning probe microscopy identified periodic pattern of the oxygen atoms bound to the graphene sheet 19 , where the oxygen lines are also aligned along the zigzag edges. Instead of breaking carbon-carbon (C-C) bond in the unzipping mechanism, the C-C bond length in the periodic structures is found to be very close to the value of pristine graphene 19 . Inspired by these studies, we
proposed the graphene epoxide model, as depicted in Figure 1 to probe their structure and properties. In this model, the epoxy groups line up in y direction, and are patterned periodically along the x-direction (armchair). We characterize the structure of the graphene epoxide using the unit cell as shown in Figure   1 . The character width number of the unit cell w is defined in unit of the graphene lattice period in the xdirection. As an example, the unit cell shown in Figure 1 carbon atom, i.e. C 4w O (w = 1, 2, …) and is used to investigate the bulk properties of graphene oxides with a corresponding epoxidation density 1/(4w). It is also noticed that the epoxy group can be adsorbed on either side of the graphene, so there are different configurations for C 4w O, where the neighboring epoxy groups (A and B in Figure 1 ) can be adsorbed on the same (C 4w O asym ) or opposite side (C 4w O sym ) of the graphene (see insets in Figure 2 ).
Methods:
The structures of the graphene epoxide are determined by first principle calculations. In our work, plane-wave basis sets based density functional theory (DFT) was employed with local (spin) density approximation (LDA). We used the PWSCF code 24 for the calculation. The pseudopotential parameters were taken from Perdew-Zunger sets 25 . For all the results presented in this paper, energy cut-offs of 30
Rydberg and 240 Rydberg are used for plane-wave basis sets and charge density grids respectively. The settings have been verified to achieve a total energy convergence less than 10 -5 Ry/atom. For variablecell relaxation, the criteria for stress and force on atoms were set to be 0.01 GPa and 0.001 Ry/Å. Eight
Monkhorst-Pack k-points were used in each periodic direction for Brillouin zone integration, which was qualified for the energy convergence criteria of 3 meV.
Results and Discussion:
The structures of graphene epoxide are obtained after variable-cell geometric optimization. The result shows that graphene sheet buckles around the epoxy groups and the distortion depends on the epoxide density 1/(4w), as summarized in Table 1 . For w <= 1, there exists metastable clamped structure ( Figure   1 (c)) where the epoxy ring is close to an equilateral triangle. In these structures, the adsorption of oxygen atom stretches the underneath C-C bonds by 5% but doesn't break the sp 2 carbon network ( Figure 3(b) ). However this clamped phase is metastable. As we increase the lattice constant, the graphene epoxide collapses into a more stable unzipped phase with sp 2 bond underneath the oxygen atom broken, i.e. E clamped -E unzipped = 0.86 eV. A significant energy barrier between these two phases (E b = 0.58 eV for w = 1, and 1.7 eV for w = 0.5) makes the clamped phase considerably stable. For w > 1, the metastable clamped phase disappears, leaving the unzipped structure the only possible configuration.
The angle C-O-C between two carbon-oxygen bonds in unzipped epoxy ring is about 150 degree, and the final C-C bond is broken with an extended distance of 2.5 Å (Figure 1c ). The structure of the epoxy ring doesn't change much as the width w increases further, because the strain energy induced by the local distortion decays quickly as the oxidation density decreases. Thus sparse epoxy lines could result in folds and wrinkles observed in graphene oxide 15 . Table 1 summarizes the structural properties of various graphite epoxides.
These results explain both the discrepant observations of the graphene oxide structure in 19 and 18 : the periodic epoxy lattice observed in resolved STM images has lattice constants 2.73 Å (x) and 4.06 Å (y) which is comparable with 2.84 Å (x) and 4.20 Å (y) for graphene sheet 19 , this structure corresponds to the clamped phase with w = 1; while the "unzipping" mechanism for the epoxy line network is consistent with the unzipped phase observed here. The broken C-C bond in the epoxy group could give rise to the observable lines in optical microscopy 18 .
The binding strength between the epoxy group and graphene sheet is quantified through the formation energy E f = E graphene epoxide -(E graphene + E oxygen /2). E graphene epoxide and E graphene are the energy of graphene epoxide and pristine graphene. The reference energy value for oxygen atom is evaluated in isolated O 2 molecule spin-unpolarized state as E oxygen /2. The results depicted in Figure 2 show that the unzipped structures bind stronger with the graphene. In clamped phase, the formation energy decreases as the oxidation density 1/(4w) increases as shown in Figure 2 and Ref. 16, 26 , while for unzipped structures, it increases, because at elevated epoxy density the distortion of graphene is built up. In addition, asymmetric arrangement of the epoxy group on both sides of the graphene lowers the formation energy further (for unzipped structures). These asymmetric structures (Figure 2 ) help to keep the planar structure of the graphene between epoxy groups and the final structure is relaxed in a zigzag way.
However for large w, the asymmetric structure is stabilized in a unzipped phase and deviates from planar sheet configuration. The thickness of the zigzag structure is linearly proportional to w, which contradicts with the experimental evidence of graphene oxide thickness (around 7 Å) 14, 19 . When the width number w increases after 2, the distortion energy of graphene sheets gets able to be released more effectively, and the formation energy converges for large w's. For w > 12, the formation energy approaches a value of E f = -1.06 eV. This significant binding strength makes the epoxy group hard to be removed in the reduction process and thus prohibit high-quality synthesis for pristine graphene materials from graphene exfoliate 15 .
The formation of epoxy ring and breaking of covalent sp 2 bond imply remarkable effects on the mechanical property of graphene. To understand this effect, mechanical loading has been applied to the unit cell of both pristine graphene and graphene epoxide C 8 O (w = 2). The stress-strain relations are plotted in Figure 3 . Stresses are defined by considering the sheet has a thickness of 3.34 Å, which is the inter-layer distance in graphite crystals. It is found that epoxy groups soften the structure significantly, especially in the compression deformation, because of the flexibility of pre-stretched C-C bond and foldable C-O-C angle. The epoxy ring is found to reduce the Young's modulus of graphene by 42.4%
(from 1060 to 610 GPa) along x-direction and 9.63% (from 1061 to 960 GPa) in the y-direction. At the small strain the loading is born by the bending of C-O-C angle rather than stretching and compression of sp 2 bonds in graphene. In contrast to the huge reduction of Young's modulus, the tensile strength along x-direction almost doesn't change (111 GPa), and elastic limit are decrease from 0.20 to 0.18.
During the tensile loading process along x-direction, the epoxy ring bends into the graphene sheet plane at first. Then the structure starts to break after the in-plane bonds are elongated to their limit ( Figure 3 ).
The charge density distribution (Figure 3(d) ) shows the C-C bond starts to break at strain of 0.18. It is noticed that at the breaking point of pristine graphene and graphene epoxide, the C-C bond along the tensile direction are elongated by 21% and 23%. The close values suggest the strength of the sheets are mainly contributed by the sp 2 carbon bonds and explained why the tensile strength doesn't change much as the Young's modulus.
The binding of epoxy groups also perturbs the electronic structure of graphene epoxide by destroying the local π-electron states. Temperature dependent electrical measurements and Raman spectroscopy revealed semiconducting behavior of graphene oxides 8, 27 . In the clamped phase, because the C-C bond doesn't break, so the oxygen adsorbed dopes the graphene lattice, the hybridization between π-bands in graphene and oxygen 2p orbital opens a gap and introduce an localized oxygen 2p z band as shown in Figure 4 (b) 16, 26 .
For unzipped graphene epoxide C 2 O (w = 0.5), the oxygen atom lies in the graphene lattice and bridges two carbon atoms. The hybridization between π electrons in oxygen and carbon atoms results in a zero-gap band structure (Figure 4 (c)) with bands crossing near the Fermi level. While for the unzipped structures with w >= 1, epoxy lines cut the graphene into zigzag-edged graphene nano-ribbons and block the π-electron state of graphene (Figure 4(d) ). The semiconducting gaps opened are inversely proportional to width of separated graphene ribbons (Figure 4(a) ). The relation reflects the particle-inbox nature of the mobile π-state between epoxy barriers and can be explained using the two-band model for graphene. The dispersion relation of π state in graphene is ( )
where k is the wave vector and k 0 is the wave vector where the two bands cross. v F is the Fermi velocity. The energy gap is thus predicted to be E g ~ hv F /w and is consistent with our calculation results. In the asymmetrically unzipped structures, the planar graphene structure between epoxy groups preserve the crossing of π and π * bands at Fermi level as shown in Figure 4 (e).
It was recently discovered that hydrogen terminated graphene nano-ribbons, edge localized states provide half-metallicities and unique magnetic properties 5 . Electron orbital analysis shows that in the unzipped structures, the valence v 1 and conduction band c 1 near the Fermi level for w >= 1 are localized states at the epoxy group which resemble edge states in graphene nanoribbons (Figure 4(a) ) 5, 28 .
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Conclusion:
In conclusion, we investigated graphene epoxide as an example of functional group engineered graphene materials, focusing on their mechanical and electronic properties at various oxidation conditions. For regularly pattern epoxy structures, two phases are revealed to have considerable binding strength in consistence with previous experimental observations: clamped structure where the oxygen adsorbed on sp 2 bond and unzipped structure where the epoxy binding breaks sp 2 bond. The first phase occurs at high oxidation density and forms regular lattice, while the second phase is more stable and results in line defects in graphene.
Mechanical properties and electronic structures are studied subsequently after the configuration has been determined. The bendable epoxy structure give rise to a half loss of Young's modulus, while leaves the tensile strength unaffected. The epoxy group also changes their band structures and give rise to various electronic properties, depending on the oxidation. These results suggest possible applications such as high strength composites and tunable electronic materials.
Our work laid the ground for the design and application of functional graphene-based materials through oxidation control methods. The understanding of the structural-property relation thus obtained is also critical for preparing graphene-related materials such as graphene oxide papers 29 through chemical exfoliation methods. Furthermore, with the ability to control the oxidation and reduction process, one can expect to fabricate tunable graphene-related nano-devices, such as chemical sensors 30 or patternable nano-electric circuits 6, 7 . 
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